The southeastern portion of North Carolina features a dense crop and animal agricultural region; previous research suggests that this agricultural presence emits a significant portion of the state's nitrogen (i.e., oxides of nitrogen and ammonia) emissions. These findings indicate that transporting air over this region can affect nitrogen concentrations in precipitation at sites as far as 50 mi away. The study combined nitrate nitrogen isotope data with back-trajectory analysis to examine the relationship between regional nitrogen emission estimates independent of pollutant concentration information. In 2004, the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model was used to determine potential sources of nitrogen in rainwater collected at an urban receptor site in Raleigh, NC. The ␦ 15 N isotope ratio signatures of each sample were used to further differentiate between sources of the rainwater nitrate. This study examined the importance of pollution sources, including animal agricultural activity, and meteorology on rainfall chemistry as well as the implications in fine particulate matter (PM 2.5 ) formation. Samples that transited the dense crop and animal (swine) agricultural region of eastsoutheastern North Carolina (i.e., the source region) had lower ␦ 15 N isotope ratios in the nitrate ion (average ϭ Ϫ2.1 Ϯ 1.7‰) than those from a counterpart nonagricultural region (average ϭ 0.1 Ϯ 3‰.) An increase in PM 2.5 concentrations in the urban receptor site (yearly average ϭ 15.1 Ϯ 5.8 g/m 3 ) was also found to correspond to air transport over the dense agricultural region relative to air that was not subjected to such transport (yearly average ϭ 11.7 Ϯ 5.8 g/m 3 ).
INTRODUCTION
Wet and dry acid deposition is a major concern in the eastern United States. The chemical components of these acids, including nitrogen oxides (NO x ϭ nitric acid [NO] ϩ nitrogen dioxide [NO 2 ]), nitrate ions (NO 3 Ϫ ), ammonia (NH 3 ), and ammonium ions (NH 4 ϩ ), have important effects on rainfall chemistry and fine particulate matter (PM 2.5 ) formation. NH 3 may be scavenged from the air by rain, absorbed by plants, or rapidly converted to NH 4 ϩ aerosol. NO x is a precursor to nitric acid and can react with NH 3 to produce ammonium nitrate, NH 4 NO 3 (s). 1 Increases in emissions from anthropogenic sources of NO x correspond to increases in nitric acid deposition. 2 Specifically, North Carolina is home to approximately 10 million hogs, which are almost exclusively confined to the southeastern portion of the state. Walker et al. 3 suggest that swine agriculture represents approximately 21% of the state's nitrogen emissions. The study concludes that NH 4 ϩ concentrations in precipitation at downwind sites were 50% higher on weeks when at least 25% of the precipitation came from the swine agricultural source region. The atmospheric emissions of the source region were substantial enough to influence the nitrogen content of wet deposition at a receptor site over 50 mi away.
A more accurate measurement of animal operations' influence on rainfall chemistry, independent of concentration analysis, was thus pursued because it would prove helpful in further verification of the hypothesis. To this end, we examined the isotopic composition of the nitrogen compounds in rainwater, taking advantage of the severe isotopic depletion associated with agriculturally related biological activities, including nitrification and volatilization. Specific isotopic signatures may allow for differentiation between natural and anthropogenic source contributions. 4 
BACKGROUND
The distribution of light stable isotopes in the environment is controlled by chemical, physical, and biological processes that can be viewed as reversible equilibrium reactions or irreversible unidirectional kinetic reactions. The heavier isotope has a higher disassociation energy,
IMPLICATIONS
Understanding the source (emission)-receptor (deposition) relationships will provide information that is important for regulators and policy-makers. The potential of the stable isotopes of nitrogen and sulfur to investigate the sourcereceptor relationships for atmospheric sulfur and nitrogen has long been recognized. By combining the isotopic composition of the major acidic components of atmospheric deposition (nitrogen and sulfur) with information on the air mass source region, it is possible to determine the geographic origin of the nitrogen and sulfur compounds. This paper addresses this important issue involving analyses of regional meteorology, origins of air masses, and rainfall isotopic measurements.
and is generally less likely to be involved in kinetic processes than its lighter counterpart. For example, NH 3 volatilized off a waste lagoon preferentially incorporates 14 N, concentrating 15 N in the liquid of the lagoon. 5, 6 Thus, a compound containing a higher ratio of 14 N is more likely to be the product of a physical or organic process, whereas the heavier compound is more likely to be the unused (residual) portion of the reactant. 4 Because of the computationally identical situations, the redistribution of isotopes can be described by a fractionation factor, which is approximated by Rayleigh exponential equations for open and closed equilibrium systems as well as for kinetic fractionations. In some circumstances, such as intensively managed agriculture, it is hypothesized that enough fractionation occurs because of biological, chemical, and physical processes that products and residuals can behave as naturally generated tracers in larger ecosystem studies. Results presented in Schulz et al. 7 indicate that highly depleted isotope values were found in manure from swine and cattle, and that this negative nitrogen isotope signal could be transported via atmospheric processes to the bark of trees in the surrounding area.
Although stable isotope ratios have been examined for over half a century in geology and environmental science, many of the chemical clues these isotope ratios leave in the environment have been largely unexplored and underutilized by atmospheric scientists. More recently, studies including Heaton 8 13 HYSPLIT incorporates modeled meteorological grid data that give more accuracy in less developed areas than observation-based models. Capable of simulating back trajectories for the entire 2004 dataset, HYSPLIT could estimate the recent path history of an air parcel that arrived at the receptor at a given time.
OBJECTIVES
The project objectives were to: (1) verify whether or not Raleigh is a receptor of pollutants from North Carolina's large agricultural corridor (Region 1; Figure 1 ) and to determine if the seasonal N flux and ␦ 15 N trend in precipitation nitrogen is related to air mass trajectory, and (2) to determine the amount and effect of farm emissions transport on PM 2.5 levels in Raleigh. following rainfall events. Samples were immediately filtered after collection through a 0.45-m filter and kept at 4°C until processed for nutrient concentrations and isotopic composition. Samples were processed for isotopes and several chemical concentrations within 1 week of collection. Tests indicated that samples archived at 4°C needed to be processed within 4 weeks for concentrations and isotopes to avoid storage artifacts. Bucket collection has been criticized because nitrogen compounds can be lost or converted while in the bucket, but sample collection within 6 days and then storage at 4°C for less than 1 week helps to minimize these effects. Spoelstra et al. 15 suggest that the bulk NO 3 Ϫ 15 N and 18 O isotopic compositions remain unchanged for up to 2 weeks in precipitation collectors. Event and weekly samples collected using two different collectors were similar in concentration and isotopic composition for up to 1 week; longer comparisons were not made. Samples of 15-M nitrogen were processed for concentration and for 15 N and 18 O isotopes. This limited the number of events that could be processed, and isotope data could not be generated for the smaller storms unless these storm events were combined. Thus, back trajectories had to be classified by the amount of their contribution to total rainfall volume in the specified period, especially with the occurrence of multiple small storm events. . 16 During each La Chat IC run, an external standard (EPA) and several internal quality control (QC) standards were run with 10 dilution standards and one spiked rainwater sample to quantify matrix effects. An additional internal QC standard was run for every 10 samples analyzed.
METHODS

Sample Collection
Isotopic Analysis
The ␦ 15 N of dissolved NO 3 Ϫ and NH 3 was analyzed using a modification of the technique developed by Chang et al. 17, 18 Enough samples to yield 15-M nitrogen were passed through a double ion exchange resin column (first-cation-5 mL Biorad AG 50-WX8; second-anion-2 mL Biorad AG 2-X8). The cation column was prewashed with deionized water. The anion column was prewashed with 3-N HCl and then repeatedly washed with deionized water to remove all acid residues. Prewashing the anion column with the same strength acid as the eluant allowed 15-M dissolved samples to be analyzed without an isotopic correction. 17 NO 3 Ϫ was eluted from the anion column with 30 mL of 3-N HCl. The HCl was neutralized with 15 gm of silver oxide, and the sample was filtered with a Whatman GFF filter. The filtrate was then passed through a cleaning column composed of 10 mL polyvinylpropylene, 2 mL silica gel, 2 mL cat ion resin, and 2 mL of SPE C18 modified from Haberhauer and Blochberger. 19 This process removed organic contaminates and other oxygen-containing compounds. The filtrate was then freeze-dried to yield a fine white powder of silver nitrate. If the powder was brown or discolored, it was redissolved and passed through the cleaning column again. Half of the sample was placed in a tin boat, combusted in a Carlo Erba NC2500 elemental analyzer, and isotopically analyzed with a Finnigan Mat Deltaϩ XLS CF-IRMS to determine ␦ 15 N-NO 3 . The other half of the sample was placed in a silver boat, pyrolyzed with a Thermoquest thermal conversion elemental analyzer ( 3 analysis, the order of the resin columns was reversed, the cation resin was air dried at 65°C, and 100 -400 g of resin was placed in a tin boat and combusted in a Carlo Erba NCS 2500 elemental analyzer. A carbon trap was placed behind the water trap in the elemental analyzer to remove the carbon dioxide (CO 2 ) peak, which would record an interference at mass 28/29, and the ␦ 15 N-NH 4 was determined by CF-IRMS. Nitrogen and oxygen isotope ratios were reported as parts per thousand (‰) deviations from the international reference standard. 4 
Back-Trajectory Analysis
Atmospheric transport patterns were evaluated by examining 48-hr back trajectories originating from the building on each day rainfall was recorded at the North Carolina State Climate Office site on Lake Wheeler Road (ϳ4 mi south of campus). The entire path of each trajectory was evaluated to determine a path of transit for the air parcels. The HYSPLIT model provided information as to the origin of the air at the rooftop level. We initiated each trajectory at a 23-m altitude to simulate air at the rooftop of Jordan Hall. Originally several different heights (21, 23 , and 25 m) were investigated, but the difference in path features was minimal in all tested scenarios, so for simplicity, only the 23-m altitude was included. We were able to use EDAS 40 13 to allow a 40-km resolution for the trajectories.
Daily trajectories were examined for each date when rainfall would have contributed to the total collected in the sample buckets using daily rainfall data from the North Carolina State Climate Office site, approximately 5 mi south of the collection site. Using the daily rainfall data, we were able to classify multiday samples according to whether or not the majority of a sample was collected from a given region during periods of transport. The transport regions of primary interest in this study were the intensively managed crop and animal agricultural region of southeastern North Carolina, defined in Figure 1 as Region 1, and the Atlantic Ocean (Figure 1) . The agricultural region lies to the southeast of the receptor site, encompassing an area of 20,800 mi 2 (160-by 130-mi rectangle). The definition of a "source" region was the region (agricultural, ocean, neither, or both) from which the majority (by volume) of the rain sample originated. We designated samples in which a minimum of 50% of the rainfall would have transited across the given source region as "agricultural" (for Region 1) or "marine" (for oceanic) air. Samples where less than 50% of the rainwater collected was from systems that transported it across Region 1 were labeled "nonagricultural," and we described samples that had no transit across the ocean as "nonmarine." Thus descriptive combinations of characteristics included "agricultural marine," "nonagricultural marine," "agricultural nonmarine," and "nonagricultural nonmarine" samples.
To further investigate the effects of NH 3 and NO x emissions on PM 2.5 formation, the North Carolina Department of Air Quality (DAQ) PM 2.5 records for the same time period were also examined. Trends in the particulate matter (PM) formation during the 55 dates corresponding to each contributing trajectory were examined. The data were based on daily averaged hourly PM concentrations at the Millbrook Road DAQ site in downtown Raleigh, which were obtained at the website DAQ. 20 Precipitation amounts were obtained for the North Carolina State University weather station from the North Carolina State Climate Office, 21 which maintains a continuously recording weather station at the collection site. Notably, wind direction averages from the North Carolina State Climate Office web site have indicated that winds in Raleigh come from the general direction of the agricultural region (east, southeast, south) 30.6% of the year, but more prevalently from the southwest, west, and northwest directions 32.4% of the year.
DATA AND RESULTS
Although precipitation was moderate for 2004, total wet nitrogen flux was high compared with previous years (Figure 2a ). Therefore 2004 was chosen for back-trajectory analysis for this study. Rain nitrogen species concentrations were high during the first part of the year when precipitation was low, and NO 3 Ϫ was generally higher than the other species except for a peak in NH 4 ϩ concentration in early May and a peak in organic nitrogen concentration in late August (Figure 2b ). Nitrogen species concentrations in rainfall dropped after mid-July when rainfall amounts increased. Generally, the chemical analysis of the rainfall showed NO 3 Ϫ was the highest concentration of the different nitrogen species, followed by NH 3 , and then organic nitrogen (Table 1 and Figure 2b did not (0.9 Ϯ 0.16 mg/L; Figure 3 and Table 2 ). Data for NH 4 ϩ concentration at Raleigh agreed with the results of Walker et al., 3 which demonstrated a significant increase in mean NH 4 ϩ concentration with transport from the agricultural region. A significant (p ϭ 0.08) difference existed in concentrations between agricultural (2.3 Ϯ 1.6 mg/L) and nonagricultural transport (0.7 Ϯ 0.19 mg/L) (Figure 3) . Much of the difference was due to the higher NH 4 ϩ concentrations in marine air (1.4 Ϯ 0.67 mg/L) than in nonmarine air (0.7 Ϯ 0.22 mg/L). The NH 4 ϩ concentrations resulting from the agricultural transport (which were strictly a subset of the days when marine transport occurred) were higher than the marine air that did not cross the agricultural area (0.6 Ϯ 0.31 mg/L); however, not enough data were available to classify the difference as statistically significant.
The ␦ 15 N isotope ratios of NO 3 Ϫ ranged from 6.41 to Ϫ4.61‰. The range was well within the limits for rainfall (Ϫ16 to ϩ10‰). 12 The values were similar to those cited for the Walker Branch watershed in Tennessee (Ϫ2 to 6‰). 22 The only values below that set range occurred during periods of air transit across the agricultural region of North Carolina, suggesting that the region may have acted as a source for depleted NO 3 Ϫ . The average value was Ϫ0.5 Ϯ 0.51‰, with a decreased value (Ϫ2.1 Ϯ 0.58‰) with transport across Region 1, and an increased value (0.1 Ϯ 0.62‰) when no transport from the agricultural region occurred (Figure 4) . The large difference in values provided a clear indication that even with the small number of samples, the difference (p ϭ 0.05) between Region 1 and Non-Region 1 source regions was significant.
During periods of transport from the ocean, the ␦ 15 N isotope ratios of NO 3 Ϫ had an average value of Ϫ1.8 Ϯ 0.38‰, compared with values of 1 Ϯ 0.90‰ for transport from the continent. All air masses that came to Raleigh over the agricultural region resulted from transport from the ocean, making the influence of the farms difficult to separate from the influence of the ocean. NO 3 Ϫ ␦ 15 N ratios for air that originated over the ocean but did not cross the agricultural region averaged Ϫ1.3 Ϯ 0.49‰. This measurement was higher than the measurement for total agricultural transport, but was not statistically significant because it occurred only a few times in this dataset. On average, when comparing agricultural (Ϫ3.6 Ϯ 1.93‰) and nonagricultural (Ϫ3.8 Ϯ 0.88‰) transport patterns (Figure 4) , little difference is shown between the NH 4 ϩ isotope ratios. The comparison of the agricultural (thus inherently also marine) transport with nonagricultural marine transport (Ϫ1.4 Ϯ 0.67‰) again suggests some interesting interactions; however, the small sample size did not allow sufficient power to determine a statistical difference between these datasets. On average, transport of the marine air mass provided much lower values for PM 2.5 (12.5 Ϯ 1.05 g/m 3 ) than did the nonmarine air (18 Ϯ 1.92 g/m 3 ) ( Figure 5 ). Initial daily PM 2.5 mass measurements gave average values of 14.9 Ϯ 1.65 g/m 3 for agricultural air and 14.4 Ϯ 1.04 g/m 3 for nonagricultural air. Most importantly, however, the values were significantly higher for air that traveled over the agricultural region and the ocean (14.9 Ϯ 1.65 g/m
3 ) compared with air that came over the ocean and did not cross the agricultural region (9.7 Ϯ 0.93 g/m 3 ) ( Figure 5 ). This indicates that air that traveled over Region 1 did see an increase in PM 2.5 compared with similar marine air that did not pass over the agricultural area. No matter where the transport of marine air occurred, it still tended to have less PM 2.5 than the samples Notes: SS ϭ sum of squares, df ϭ degrees of freedom, MS ϭ mean squares, F ϭ variance ratio, Fcrit ϭ critical frequency. from continental transport patterns. Elevated PM 2.5 levels in nonmarine air were likely related to long-distance transport from sources outside of the state. 2 ) as opposed to other years because the NO 3 Ϫ , NH 4 ϩ , and organic nitrogen fluxes were all high during this period. NO 3 Ϫ generally had higher concentrations than NH 4 ϩ or organic nitrogen, as well as higher flux rates, except for the spring-summer period when NH 4 ϩ had higher concentrations and during Hurricane Charlie when DON concentrations were higher. Nitrogen species concentrations were higher during the winter-spring period with moderate amounts of rainfall and lower during the summer-fall period with higher amounts of rainfall.
DISCUSSION
The NH 4 ϩ concentration data provided the most solid evidence of the relationship between the source and receptor. The large difference in NH 3 concentrations in rain between agricultural and nonagricultural air mass transit for marine air provided a statistically significant distinction of source types. This finding agrees with Walker, 3 who showed that NH 4 ϩ markedly increased in air masses transported over the agricultural regions of North Carolina.
Another statistically significant finding, notable isotopic depletion of NO 3 Ϫ , occurred in samples that had been transported over Region 1. The low isotope values (Ϫ2.1 Ϯ 0.58‰) in the region were likely the product of both initially isotopically depleted marine air masses and higher biological activity. The low average value characteristic of the marine air mass (Ϫ1.3 Ϯ 0.49‰) that did not cross Region 1 explains only a small portion of the discrepancy between Ϫ2.1 Ϯ 0.58‰ and 0.1 Ϯ 0.62‰. The remaining difference could be attributed to the highly depleted values expected in areas of agriculture concentration where depleted NH 3 is volatilized from waste lagoons, animal houses, applications fields, and fertilized soils. Karr et al. 5, 6 suggest that the isotopic composition of swine waste lagoons is related to air temperature. This implies that the lowest NH 3 volatilization rates and maximum isotopic fractionation would occur during the winter months when the lagoons have the lowest nitrogen isotopic composition. The highest NH 3 volatilization rates and minimum isotopic fractionation would occur during the warm summer months when the lagoons have the highest nitrogen isotopic composition. The trend would reduce the seasonal isotopic variation of NH 3 volatilized over confined animal feeding operation (CAFO) areas. The NH 3 volatilization epsilon described by Thode and Urey 23 and Urey 24 varies from Ϫ42 to Ϫ37‰ from 0 to 40°C, respectively. If waste lagoons vary from ϩ10 (winter) to ϩ30 (summer) ␦ 15 N-NH 4 , then the isotopic composition of NH 3 volatilized off the lagoons would vary from approximately Ϫ32‰ in the winter to Ϫ7‰ in the summer. Also, ␦ 15 N-NH 4 values in rain vary from Ϫ14‰ in the spring to approximately 0‰ in the winter and are slightly positive during the hurricane event. These data suggest that animal waste NH 3 has the greatest influence in Raleigh in the spring season. However, much about the seasonal variation of the isotopic composition of NH 3 volatized in agricultural areas, such as Region 1 and its transformation into oxidized species, remains unknown.
The increase in the PM 2.5 mass when marine air transited the high-density agricultural area versus the nonagricultural area also indicated that Raleigh may be a significant receptor of pollutants from the agricultural areas. 
